The Brachyspira hyodysenteriae B204 genome sequence revealed three VSH-1 tail genes, hvp31, hvp60, and hvp37, in a 3.6-kb cluster. The location and transcription direction of these genes relative to those of the previously described VSH-1 16.3-kb gene operon indicate that the gene transfer agent VSH-1 has a noncontiguous, divided genome.
The Brachyspira hyodysenteriae B204 genome sequence revealed three VSH-1 tail genes, hvp31, hvp60, and hvp37, in a 3.6-kb cluster. The location and transcription direction of these genes relative to those of the previously described VSH-1 16.3-kb gene operon indicate that the gene transfer agent VSH-1 has a noncontiguous, divided genome.
Gene transfer agents (GTAs) have been described for diverse bacterial species (2, 5, 13, 19, 22) . These GTAs resemble small tailed bacteriophages in ultrastructure and package short, random fragments of their bacterial host genomes. Gene transfer ability and "avirulence," i.e., an inability of GTA particles to lyse bacteria or form plaques, are GTA traits (1, 11, 14, 20, 21, 24) .
VSH-1 is a GTA produced by the anaerobic, pathogenic spirochete Brachyspira hyodysenteriae strain B204 (11) . VSH-1 particles contain 7.5-kb fragments of B. hyodysenteriae DNA and transfer genes, including antibiotic resistance genes, between strains of the spirochete (11, 15, 20, 21) . VSH-1-like elements are widespread in Brachyspira species (3, 4, 22, 26) .
Previously, head (capsid) and tail proteins of VSH-1 particles were sequenced, and the sequences were used to establish the VSH-1 genome (15) . VSH-1 structural and escape (lysis) proteins are encoded by contiguous clusters of VSH-1 head, tail, and lysis genes ( Fig. 1; Table 1 ) occupying 16.3 kb of the B204 chromosome (15) . In those studies, the gene encoding Hvp60, a tail-associated protein with the sequence NЈ-M_K_ MPYHFLRNKIYKLPPAPYINE was not found within the 16.3-kb VSH-1 genome cluster (15) . Two additional tail-associated proteins, Hvp31 and Hvp37, with sequence ambiguities at several amino acid positions, also could not be located (unpublished observations).
A draft sequence of the B. hyodysenteriae B204 genome was recently generated in our laboratory by pyrosequencing (Roche FLX). (The B. hyodysenteriae B204 draft genome is currently undergoing closure and annotation. During completion of this effort, web access to a pseudogenome assembly of the DNA contigs will be provided upon request. The VSH-1 genes described in this paper are contained within contig00046 in the draft assembly.) One open reading frame (ORF) was predicted to encode a 62.5-kDa protein with an N-terminal sequence matching the Hvp60 sequence. This ORF, designated hvp60, was flanked by two ORFs, designated hvp31 and hvp37 (Fig. 1) . The predicted sequences of proteins encoded by these ORFs, NЈ-MAFDFKLIVRDKYSEEIFDI . . . and NЈ-M NNNLNKNISDTNKELQNIE . . ., were discernible in the ambiguous sequences previously obtained for Hvp31 and Hvp37, respectively (unpublished observations). Predicted tail proteins Hvp31, Hvp60, and Hvp37, encoded by a 3.6-kb gene cluster, share no significant amino acid identity with any of the proteins in the GenBank database.
The VSH-1 3.6-kb and 16.3-kb gene clusters are oriented in opposite transcriptional directions (Fig. 1 ). Six genes (gene numbers 3 to 8 [ Fig. 1 ]) encoding putative proteins with various predicted functions (Table 1 ) comprise a 16.7-kb region that separates the 3.6-kb and 16.3-kb clusters. None of the six hypothetical proteins resemble other GTA or phage-related proteins, and several are likely to have bacterial physiological functions.
The sequence ACTTATA was previously identified as a heptanucleotide repeat upstream of hvp45, the first gene in the VSH-1 16.3-kb cluster, and was proposed as a possible binding site for proteins involved in transcription regulation of VSH-1 expression (16). The repeat is more likely to be a hexanucleotide sequence, in that a matching six-nucleotide repeat sequence (. . . CTTATAAATCCTTATATTTTTTA . . . [repeat sequence is underlined]) was also detected upstream of the VSH-1 3.6-kb cluster (Fig. 1) . A string of six T's follows the second CTTATA repeat upstream of both VSH-1 gene clusters. Direct-repeat recognition sequences have been identified for both bacterial and bacteriophage promoters (7, 8, 17, 23) . In the draft B204 genome, similar "recognition" sequences are present upstream of two other single ORFs at least 100 kb from the VSH-1 genes. The identities of hypothetical proteins encoded by those genes are uncertain. Their possible involvement in VSH-1 production is currently being investigated.
Quantitative real-time PCR was used to measure transcription of VSH-1 genes hvp38 and hvp60 and putative bacterial gene numbers 4 and 7 ( Fig. 1) during the induction of VSH-1 by the antimicrobial carbadox. Quantitative realtime PCR conditions and specific primers for hvp38 have been described (20) . Primers for hvp60 mRNA were 5Ј-AC AAATAACAATGTCATTCAGCG and 5Ј-TATCCGTCAA AATCTACTCCCC, and the quencher-reporter (Q-R) probe was 5Ј-CGAGGTAGAAGAAAGTTTATCAGATA CTTGGTGC. Primers for gene number 4 mRNA were 5Ј-G GATCATGTAATGGAAGGTGCTGC and 5Ј-TTCCTTTAC CAGTACCGCCGAA, and the Q-R probe was 5Ј-AGGAGG AGGAAGCAGTATGGACTCTT. The primers for gene number 7 were 5Ј-CTGCTGCAACTTTGCCTGTAGCTT and 5Ј-ATAGTGCCAATAGCAGGAAGCTGG, and the Q-R probe was 5Ј-GGGAGCAACTATACACTTATGCGGA TCAGT.
Transcription of both VSH-1 genes hvp38 and hvp60 increased by 200-to 300-fold within 5.5 h after B. hyodysenteriae cultures were treated with 0.5 g carbadox/ml. In contrast, transcription of bacterial gene number 4 decreased 10-to 20-fold to undetectable levels in treated versus control cultures, and transcription of bacterial gene number 7 was undetectable in both treated and control cultures. These results and the finding of common upstream sequences with identical hexanucleotide repeat sequences suggest that the VSH-1 16.3-kb and 3.6-kb gene clusters, although noncontiguous, are regulated by a common mechanism. Transcription of the intervening bacterial-type genes is not detectably induced and, thus, those genes are not essential for VSH-1 production. VSH-1 particles contain 7.5-kb fragments of DNA (11) . The newly discovered 3.6-kb cluster of VSH-1 tail genes together with the previously identified 16.3-kb VSH-1 gene cluster spans 36.6 kb of DNA in the B. hyodysenteriae B204 genome. It is highly unlikely, therefore, that a single VSH-1 particle carries sufficient DNA (i.e., five 7.5-kb fragments) to encode proteins involved in structural and escape-from-host functions. This genome arrangement strongly suggests that it is impossible for VSH-1 to have an independent, self-propagating lifestyle and explains the avirulence of VSH-1 particles.
The discovery of noncontiguous genes, i.e., a "divided" genome for VSH-1, has several implications for GTAs and prophage-like gene clusters in Brachyspira and other bacterial species. First, the contiguity or dispersion patterns of VSH-1 genes in other Brachyspira genomes could provide insight into the origin, evolution, and spread of VSH-1-like elements among Brachyspira species. Second, gene proximity is not essential for VSH-1 production. A contiguous genome, therefore, may not be a requirement for the production of GTAs by other bacteria. No recognizable lysis genes are associated with the gene cluster of RcGTA, GTA of Rhodobacter capsulatus, and these and other essential genes could be positioned at other undiscovered locations in the R. capsulatus genome (12) . Additionally, certain Rickettsiales species contain multiple gene homologs of RcGTA dispersed within their genomes (13) . Techniques for identifying GTAs (19) might be applied to detect functional GTAs in these bacteria. Finally, gene clusters for incomplete prophages have been found in bacterial chromosomes (6, 10, 18, 25) . Although clearly defective as selfpropagating prophages, perhaps some of these gene clusters can interact with distal genes to form effective GTAs. While there is no direct evidence to support this speculation, it is worth considering in view of the widespread distribution of GTA genes among alphaproteobacteria (13) . Indeed, the possibility that some "defective" prophages serve as GTAs may provide an alternative explanation for the occasional failure (9) to demonstrate that mitomycin C-induced "bacteriophages" are capable of lytic (plaque-forming) growth.
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